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Abstract 
This paper aims to investigate the velocity characteristics of compound rivers in mountain areas, featured with 
substantially different roughness between the main channel and floodplain. A series of flume experiments have been 
conducted to investigate the velocity distribution affected by different roughness in the main channel and its 
floodplain. The experimental data are analysed to obtain a new empirical formula to determine the velocity ratio 
between the main channel and the floodplain. In addition to the roughness, the ratio between the water depth in the 
main channel and the floodplain also affects the flow velocity. Therefore the velocity characteristics vary with the 
roughness and depth in the subsections of the compound channel. The new empirical formula is applied to estimate 
velocity in the upper reach of Yangtze River, in Chongqing, China. The calculated results are found to be consistent 
with the field measurements, demonstrating the potential of the formula for estimating velocity distribution in 
mountain rivers. 
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1. Introduction 
 There are many mountain rivers in the southwest of China and other regions of the world. The courses of these 
mountain rivers commonly alternate between gorges and riffles, leading to cross-sections of very complex 
shapes.Files Certain reaches of these mountain rivers may become compound channels during flood seasons when 
the associated floodplains are inundated and connected to the main channels. Following the overbank flows, the 
small hydraulic radius and high roughness of the floodplains may lead to lower flow velocity than that in the main 
channel. The different flow velocities at different subsections of the cross-section will clearly induce an apparent 
shear stress and subsequently momentum transfer between the flows in different subsections [1]. Many researchers 
(e.g. [2-5]) have demonstrated that the conveyance of compound channel cannot be accurately estimated without 
explicitly considering the momentum-transfer process across flow sections. Stephenson and Kolovopoulos [6] 
discussed different methods for evaluating the shear stresses between a main channel and its floodplains and showed 
the significance of the momentum-transfer, leading to the conclusion of increased flow in floodplain but decreased 
carrying capacity in the main channel. Many studies (e.g. [7-8]) have concluded that the method of calculating 
channel carrying capacity by simply summing up the flows in the subsections is not creditable and tend to 
overestimate the actual conveyance, due to the ignorance of momentum-transfer between the subsections. 
Better understanding the velocity distribution in compound channels has important engineering implications 
including river conveyance, flood risk, morphology and mass transport, and has been a traditional topic of research 
in hydraulics. Through theoretical analysis, Myers [9] revealed that the velocity and discharge ratios in a smooth 
compound channel were independent of bed slope but only influenced by flow depth and geometry. Shiono and 
Knight [10] considered a water flow in straight open channels with prismatic complex cross-sections and derived 
analytical model for the lateral distributions of depth-mean velocity and boundary shear stress for channels of any 
shape, including the effects of bed-generated turbulence, lateral shear turbulence and secondary flows. Ervine et al. 
[11] presented a practical method to quantify depth-averaged velocity and shear stress for both straight and 
meandering overbank flows, based on the depth-integrated Navier-Stokes equations taking into account bed friction, 
lateral shear stresses and secondary flows. Pezzinga [12] applied a nonlinear k-ε model to predict the velocity fields 
of uniform flows in compound channels. A number of mathematical models have also been reported for predicting 
velocity and bed shear stress in compound channels (e.g. [13-15]), with most of them based on the Shiono and 
Knight method (SKM) [10]. Cao et al. [16] used a simple and rational function of depth-averaged velocity to 
reformulate the flow resistance and momentum flux through lateral integrations. Yang et al. [17] introduced the 
depth-averaged governing equations of the flow in a rectangular compound channel with secondary flows, and 
derived two-dimensional analytical solutions to the depth-averaged velocity. 
Mountain rivers are generally characterized by gravel beds, and so the bed-material of floodplains is normally 
different from the main channel. Most of the aforementioned studies on the velocity distribution of the compound 
channels did not consider the effective different roughness between the main channel and its floodplains; most of 
flume experiments were conducted by using the same roughness or assuming smooth compound channel (e.g. [1], 
[11], [17-18]). This paper aims to investigate the velocity characteristics of the compound channels featured with 
substantially different roughness between the main channel and its floodplains. 
2. Laboratory Experiments 
2.1. Experimental Setup 
Physical experiments were conducted in a plexiglass flume at Chongqing Jiaotong University, China. As shown 
in Fig.1, the flume was 6.0 m long and 0.25 m wide with a variable slope ranging from -1.0ˁ to 2.0ˁ. The flow 
was fed from the upstream inlet of the flume by a centrifugal pump. A honeycomb was placed in the vicinity of the 
inlet to ensure flow homogeneity and suppress water surface wave disturbances. The flow discharge and surface 
elevation were measured by an electromagnetic flowmeter and three ultrasonic water gauges at different locations 
along the flume. A propeller-type current meter was used to measure the velocity. 
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2.2. Experimental series 
As shown in Fig.2, the experimental cross-section consists of a main channel 7cm wide, a floodplain of variable 
width, 2cm height and 1:1 side slope. A removable sidewall was placed on the floodplain and the width of 
floodplain could be adjusted by resetting the sidewall. The bed of the floodplain was consisted of a fixed layer of 
uniform size gravels with the gravel sizes changed according to experimental cases. The roughness coefficient n is 
related to the bed-material size d through 
1 6 /n d A                                                                             (1) 
where, A is the empirical roughness parameter and is equal to 21.1 for stationary flat loose beds covered with 
uniform bed materials [19]. 
       
                                       Fig.1. Configuration of the flume.                                           Fig.2. Cross-section of the experimental flume.  
The series of experimental tests is summarized in Table 1, designed to be similar to the tests reported by Knight 
and Demetriou [18] where the width of cross-section was selected as parameter. Herein, the novelty of the current 
experiments lies in the use of different roughness between main channel and its floodplain as parameter. Both the 
cross-section width and the roughness were selected as parameter in the current experimental cases. The carefully 
designed experiments facilitate direct comparison of the results with those in the literature regarding the effect of 
width, and extend the existing research in compound channel flow to consider the effect of different roughness 
between the main channel and its floodplains. In Table 1, mn and fn are respectively the main channel roughness and 
floodplain roughness; mb and fb are respectively the main channel width and floodplain width. 
The experimental series were all under the steady flow condition. In each series, there were 5-8 cases with 
different depth by regulating the flow discharge. 
        Table 1. Summary of different experimental cases. 
Series  mn  fn  mb (cm) fb (cm) remarks 
1-4 0.009 0.009 7 14, 10.5, 7, 3.5 The main channel and the floodplain beds were smooth. 
5-8 0.009 0.01682 7 14, 10.5, 7, 3.5 
The main channel bed was smooth but the floodplain bed was 
covered by a layer of gravels to give a bed-material size of 2mm. 
9-12 0.009 0.01541 7 14, 10.5, 7, 3.5 
The main channel bed was smooth but the floodplain bed was 
covered by a layer of gravels to give a bed-material size of 1.18mm. 
13-16 0.009 0.01376 7 14, 10.5, 7, 3.5 
The main channel bed was smooth and the floodplain bed was 
covered by a layer of gravels to give a bed-material size of 0.6mm. 
3. Experimental data analysis 
In generally, the compound channel velocity characteristics significantly differ from those in a single-section 
channel. In a single-section channel, there is no major velocity gradient away from the sidewall and therefore there 
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is no significant cross-channel momentum transfer. However, in a compound channel, obvious velocity gradients are 
developed between the main channel and its floodplains and thus the averaged velocity in the subsections may be 
significantly different. In general, the averaged velocity in the main channel is much bigger than that in the 
floodplains. Especially when the water depth in the floodplains is small, predominant momentum transfer takes 
place between the main channel and its floodplains due to reduced hydraulic radius and flow velocity. Thus the ratio 
between the depths in the floodplain and the main channel is used as a parameter to facilitate further analysis, 
selected on the basis that the interaction between the floodplain and the main channel is known to be depth 
dependent. Knight and Demetriou [18] chose an upper limit of 0.5 for this ratio considering the fact that most 
practical cases feature low ratios. It has been observed that the averaged velocity in the floodplain increases but the 
averaged velocity in the main channel decreases with increasing water depth within the upper limit of depth ratio. 
But the averaged velocity among the subsections will eventually reach a constant value, namely the averaged 
velocity of total cross-section; beyond the depth limit, the flow geometry will no longer have significant influence 
on the hydraulic characteristics. 
In order to investigate the effect of the depth and roughness ratios between the floodplain and the main channel 
on flow characteristics featured with velocity distribution, this paper selected two groups of experiments to make 
comparison analysis: Group 1 consists of series 1-4 in Table 1 while Group 2 consists of series 1, 5, 9, and 13. The 
two groups are selected because the only variable within each group is either floodplain/channel width ratio or 
floodplain/channel roughness ratio. The results are shown in the Fig.3 and Fig.4. 
 
(a)  (b)  
Fig.3. Variation of normalized subsection velocity against different floodplain/channel width ratio (symbol lines represent different 
floodplain/channel width ratios): (a) floodplain velocity; (b) main channel velocity. 
(a)  (b)  
Fig.4. Variation of normalized subsection velocity against different floodplain/channel roughness ratio (symbol lines represent different 
floodplain/channel roughness ratios): (a) floodplain velocity; (b) main channel velocity. 
Fig.3 shows the subsection velocity with different floodplain/channel width ratios, plotted against different 
floodplain/channel depth ratios. In the plots, U is the averaged velocity of total cross-section;
 f
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velocity of the floodplain; and
m
u is the averaged velocity of the main channel. As previously mentioned, the 
experimental series in Group 1 are chosen and presented to facilitate comparison with results in literature (e.g. [18]). 
For the floodplain, the averaged velocity increases as the relative depth increases but the increment gradually 
becomes smaller and the velocity will finally converge to a constant value. On the other hand, when the relative 
depth maintains, the averaged velocity increases as the width of the floodplain increases. For the main channel, the 
averaged velocity firstly increases but then slightly decreases as the relative depth continues to increase. Finally, the 
change of velocity with the depth becomes small and the velocity converges to a constant. This is clearly 
demonstrated by the embedded graph at the top right corner in Fig.3(b), which is an enlarged view of the series with 
width ratio equal to 2.0. When the floodplain/channel width ratio ranges from 0.2 to 0.4, the normalized main 
channel velocity
m
u U has a peak value as shown in the figure. The peak value decreases slowly when f mh h
becomes larger than 0.4. This velocity characteristic becomes more evident for the cases with larger width ratio. 
Theoretically, the averaged velocity of the component subsections will approach the averaged velocity of total cross-
section when the relative depth over 0.5. The results agree well with those reported in literature (e.g. [18]). 
Fig.4 presents the subsection velocities with different floodplain/channel roughness ratios, plotted against the 
floodplain/channel depth ratio. The velocity characteristics are generally similar to those shown in Fig.3 for different 
floodplain/channel depth ratios. For the floodplain, when the water depth maintains, the averaged velocity increases 
as the relative roughness decreases. On the contrary, in the main channel, the averaged velocity decreases in the 
same depth as the relative roughness decreases. As the relative roughness becomes larger, the flow resistance and 
the energy loss increase as a consequence. The interaction between the main channel and its floodplains takes place 
in a form of momentum transfer which is proportional to the product of the velocity gradient at the interface and the 
exchanged mass/discharge. 
4. Results and discussion 
The lateral momentum transfer between the main channel and its floodplains apparently cause the apparent shear 
stress. The apparent shear stress act on the interfaces of flows in different subsections, which may be calculated 
from the following formula [1] 
 01ai m m m
ai
A S P
P
W J W                                                                       (2) 
where aiW is the apparent shear stress acting on a fluid interface i ; J is the unit weight of water; mW is the average 
boundary shear stress on the main channel solid boundary; mP is the main channel wetted perimeter; mA is the flow 
area of the main channel; aiP  is the total length of interface i ; and 0S  is the bed slope. 
For the total cross-section, the forces in the flow direction are balanced according to 
  0m f m m f fA A S P PJ W W                                                                   (3) 
where fW is the average boundary shear stress on the floodplain solid boundary; fP  is the floodplain wetted perimeter; 
fA is the flow area of the floodplain. 
Substituting Eq.(2) into Eq.(3) and rewriting Eq.(2) lead to the following expressions 
0m m m ai aiP A S PW J W                                                                         (4) 
0f f f ai aiP A S PW J W                                                                         (5) 
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It is indicated in Eq.(4) that the average shear stress on the main channel solid boundary is smaller than the stress 
provided by the Divided Channel Method(DCM).The average boundary shear stress on the floodplain solid 
boundary is greater than the stress from the DCM. Rewriting Eq.(4) and (5) give 
2/3
m
m m
m
R
u
n
Z                                                                            (6) 
2/3
f
f f
f
R
u
n
Z                                                                            (7) 
where 
1 2
0
ai ai
m
m
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A
WZ J
§ · ¨ ¸© ¹ and
1 2
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ai ai
f
f
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A
WZ J
§ · ¨ ¸¨ ¸© ¹
. Therefore, Eq.(6) and (7) provide the equations for the flow 
velocities in different subsections of a compound channel, indicating 2/3u h nv . 
Starting from the above theoretical analysis, this work aims to introduce an empirical formula for estimating the 
flow velocity in the main channel and its floodplain, through analyzing data from the current experiments and those 
available in literature. Herein, we thoroughly consider the inter action between the flows in the floodplain and main 
channel for different flow depths over floodplain. For each series of the experiments, there are 5-8 cases of data 
associated with different depth. Thus, the floodplain/channel depth ratio and the roughness ratio are selected as main 
parameters for deriving the velocity relationship. Since 2/3u h nv , we have 
2 3
fm m
f m f
nu h
u n h
V
E
ª º§ ·« » ¨ ¸¨ ¸« »© ¹¬ ¼
                                                                   (8) 
where E and V are the constant coefficients equal to 0.885 and 0.549 respectively. These values are determined by 
fitting the equation with data from the current experiment and literature, as demonstrated in Fig.5. 
 
 
Fig.5. Fitted curve against the data from the current experiment and literature, where,
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where E  becomes a variable coefficient and it approaches to 0.885 when the floodplain/channel depth ratio ranges 
from 2.0 to 10.0, i.e.
 
2 ~ 10
m fh h  . 
Substituting Eq.(9) into Eq.(8) yields the following equation 
0.5490.01 2 3
0.122 1
h f
h fmm m
f m f
nu h
e
u n h
§ · ¨  ¸¨ ¸© ¹
ª º§ ·« » ¨ ¸¨ ¸« »© ¹¬ ¼
                                                        (10) 
which is obtained through fitting the data from the current flume experiments and literature, indicating that the 
velocities relate to both roughness and water depth. 
5. Field application 
In this section, Eq.(10) is validated through application to a test case with field data. The test site locates at the 
Dongxikou reach of Yangtze River in China, which is a mountain river with complex terrain and cross-sections 
consisting of main channel and floodplains. Water flows in the main channel during dry season and over the banks 
onto its floodplains during normal and flood seasons. Flow data were measured from 8 cross-sections along the 
length of the reach in September 2014 during the normal season and in October 2014 during the flood season. Fig. 6 
shows 4 of these cross-sections. The Dongxikou reach has a relatively shallow flow depth and the averaged depth 
ranges from 9.5m to 14.5m during the flood season and 5.8m to 11.1m during the normal season. Fig.7 shows bed 
materials of the floodplain during the normal season. The bed materials largely consist of gravels. The effects of 
vegetation on roughness can be neglected. 
 
(a) (b)  
(c) (d)  
Fig.6. Sample cross-sections of the Dongxikou reach: (a) Section 4#; (b)Section 5#; (c)Section 6#; (d)Section 7#. 
With the estimated roughness coefficient and measured flow depth in each subsection, the floodplain/channel 
ratio of velocity is calculated using Eq.(10) and compared with the field data in Fig.8. The corresponding relative 
errors between the calculated and measured values in all 8 cross-sections are given in Table 2. The calculated 
velocity ratios are generally consistent with the field measurements, with relative errors overall within 10%, except 
cross-sections 5# and 6#, where the relative errors are calculated to be near or over 20%. The reason may be because 
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cross-sections 5# and 6# are featured with complex terrains that are different from those found in a compound 
channel (see Fig.6 (b&c)). Surface or skin friction, a component of flow resistance, is closely related to bed-
materials and cross-section geometry. The bed-materials of this reach are generally uniform but the geometry of 
cross-sections 5# and 6# may have predominant effect on flow resistance, leading to the noticeable difference 
between the measured and calculated velocity ratios. In these two cross-sections, it can be also observed that the 
relative errors are smaller in the normal season than the flood season possibly due to the small water depth in the 
normal season. When the depth is smaller, the skin friction effect is more significant and the velocity is affected 
more by the water depth and geometry in the channel. The overall satisfactory predicted velocity ratios predicted by 
Eq.(10) demonstrates the potential of this work and the resulting empirical formula in estimating velocity 
distribution for mountain rivers.  
 
                                                     
                      Fig.7. The gravel bed of floodplain.                               Fig.8. Calculated and measured floodplain/channel velocity ratios. 
                                     Table 2. Relative errors in calculated value. 
Relative errors 
Cross-sections 1# 2# 3# 4# 5# 6# 7# 8# 
Normal season 4.24% 4.52% 7.29% 7.07% 18.23% 21.97% 7.13% 10.07% 
Flood season 2.25% 1.60% 2.34% 0.99% 27.32% 33.94% 8.03% 5.71% 
Relative errors: the ratio between difference and measured value. 
6. Conclusions 
Mountain rivers may be sometime classified as compound channels and are featured with substantially different 
roughness between the main channel and its floodplains. Physical experiments have been carried out in the 
hydraulics laboratory in Chongqing Jiaotong University to investigate the flow characteristics in these mountain 
rivers. From the experimental observations, roughness decreases with increasing averaged velocity in the same 
water depth in the floodplain; on the contrary, roughness decreases with decreasing averaged velocity in the same 
depth in the main channel. A new empirical formula has been derived to quantify the velocity ratio between the 
main channel and the floodplains, through analyzing data measured from the flume experiments and those available 
in literature.  
In order to verify the accuracy and potential application of the empirical formula Eq. (10) derived for estimating 
velocity ratio between floodplain and main channel, it has been applied to quantify the velocity characteristics in the 
Dongxikou reach upper Yangtze River, with the calculated results compared with field measurements. Overall 
satisfactory results have been achieved, demonstrating the potential of the empirical formula in engineering 
applications.  
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